Theory predicts the existence of barrierless protein folding. Without barriers, folding should be noncooperative and the degree of native structure should be coupled to overall protein stability. We investigated the thermal unfolding of the peripheral subunit binding domain from Escherichia coli's 2-oxoglutarate dehydrogenase multienzyme complex (termed BBL) with a combination of spectroscopic techniques and calorimetry. Each technique probed a different feature of protein structure. BBL has a defined three-dimensional structure at low temperatures. However, each technique showed a distinct unfolding transition. Global analysis with a statistical mechanical model identified BBL as a downhill-folding protein. Because of BBL's biological function, we propose that downhill folders may be molecular rheostats, in which effects could be modulated by altering the distribution of an ensemble of structures.
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Theory predicts the existence of barrierless protein folding. Without barriers, folding should be noncooperative and the degree of native structure should be coupled to overall protein stability. We investigated the thermal unfolding of the peripheral subunit binding domain from Escherichia coli's 2-oxoglutarate dehydrogenase multienzyme complex (termed BBL) with a combination of spectroscopic techniques and calorimetry. Each technique probed a different feature of protein structure. BBL has a defined three-dimensional structure at low temperatures. However, each technique showed a distinct unfolding transition. Global analysis with a statistical mechanical model identified BBL as a downhill-folding protein. Because of BBL's biological function, we propose that downhill folders may be molecular rheostats, in which effects could be modulated by altering the distribution of an ensemble of structures.
The accepted view in molecular and structural biology is that to perform their biological function, proteins must fold into unique three-dimensional structures, either spontaneously (1) or upon binding to their substrate (2) . Accumulated experimental evidence indicates that folding proteins cross at least one free energy barrier (3) . The existence of a barrier means that the mechanism of folding cannot be inferred directly from experiment and that folding kinetics must be interpreted by using, for example, linear free-energy relationships (4) . On the other hand, the energy landscape theory predicts that under certain conditions, folding can proceed without crossing barriers (the downhill scenario) (5) . In computer simulations, barrierless folding appears with very smooth stabilizing potentials (6) . During downhill folding, all of the intermediate structures, and therefore the mechanism, are potentially observable (7) . It has been argued that downhill folding can result in a nonexponential time course, especially if the roughness of the landscape increases as folding proceeds (8) . Nonexponential kinetics have been recently observed when monitoring local relaxation dynamics on one side of the barrier for ␣-helix formation (9) and for folding (10, 11) . However, no examples have been identified of proteins that fold to a defined native structure without crossing any barriers. We have recently established theoretically that the absence of barriers to folding is associated with a singular equilibrium behavior (12) . For downhill folders, there is a unique thermodynamic state consisting of an ensemble of conformations that loses structure gradually as protein stability decreases. Therefore, a particularly useful strategy to identify downhill folding is to investigate protein unfolding at equilibrium with several techniques, each probing a different structural feature of the protein as it unfolds (12) . In particular, we have investigated the unfolding of the peripheral subunit binding domain (PSBD) of the dihydrolipoamide succinyltransferase (the E2 subunit) from the 2-oxoglutarate dehydrogenase multienzyme complex of Escherichia coli (13) . This domain is flanked by flexible linkers and connects the NH 2 -terminal lipoyl and the COOH-terminal acyltransferase domains in the E2 subunit. It is ϳ40 residues long, comprising two parallel ␣ helices connected by a long partially structured loop (14) (Fig. 1) . PSBD is involved in regulating and coordinating the interplay between E2 and subunits E1 (2-oxoglutarate decarboxylase) and E3 (dihydrolipoamide dehydrogenase) (15) . We produced the isolated PSBD (termed BBL) by chemical synthesis (16) and studied its thermal unfolding transition with three main techniques: differential scanning calorimetry (DSC) to directly measure the energetics of unfolding, far-ultraviolet (UV) circular dichroism (CD) to monitor the two ␣ helices, and fluorescence resonance energy transfer (FRET) to investigate the end-to-end distance. BBL lacks natural fluorophores, so we introduced a naphthyl-alanine in the NH 2 -terminus and a dansylated lysine in the COOH-terminus of the protein (Fig. 1) . Because the fluorescence quantum yield of dansyl is very sensitive to the chemical environment, it provided a fourth probe of the structural integrity of BBL.
DSC experiments (16) done at pH 7.0 revealed a broad unfolding transition that spanned temperatures from below 280 K to 345 K ( Fig. 2A) . The absence of an initial baseline indicated that the distribution of populations was already changing even at the lowest temperatures explored. The DSC trace showed a clear maximum, which typically signals the transition midpoint temperature (T m ), at ϳ322 K. After crossing the T m , the unfolding transition resumed more abruptly, resulting in an asymmetric DSC trace. Figure  2B shows the changes in FRET efficiency as temperature increased. Here, transfer efficiency was determined from the changes in the fluorescence quantum yield of both donor and acceptor (16) . In experiments done at pH 7.0, the measured transfer efficiency was ϳ0.50 at the lowest temperatures. With an experimentally determined R 0 for the donoracceptor pair and assuming an orientation factor ( 2 ) of two-thirds (16), the observed transfer efficiency translated into an end-toend distance of ϳ2.4 nm. This is in agreement with the distance calculated from the nuclear magnetic resonance (NMR) structure. The FRET efficiency sharply increased with temperature up to a value of ϳ0.73 at 320 K, For clarity, the ␣ helices are shown in a ribbon representation and in orange. Tryptophan residues were used in the model to signal the locations of the NH 2 -terminal naphthyl-alanine (green) and COOH-terminal dansyl-lysine (red). Mutations of Ala 1 and Lys 40 to Trp were carried out with the protein modeling program Whatif (35) . The side chain of Lys 36 is shown in orange to illustrate the interaction with the dansyl moiety, and the two histidines are shown in cyan.
and then stabilized (Fig. 2B) . The calculated end-to-end distance of BBL at the highest temperatures was ϳ1.9 nm: much shorter than the expected distance for a random walk chain of 40 residues, and even shorter than that for the native state. Therefore, thermally denatured BBL occurs in a somewhat collapsed form. This does not imply that BBL is more compact when denatured. In the native structure of BBL, the ends are placed at a distance of more than twice the radius of gyration (Fig. 1) . However, unstructured heteropolymers can have large radii of gyration and short average end-to-end distances in the presence of attractive interactions (17) . In BBL, these possibly are long-range electrostatic interactions between the charged NH 2 -and COOH-terminal ␣ helices. It appears that the thermal unfolding transitions uncovered by FRET and DSC are very different (18) . The changes in end-to-end distance resumed even before the midpoint of the DSC transition was reached.
The fluorescence quantum yield of the COOH-terminal dansyl group as a function of temperature is shown in Fig. 2C . Dansyl fluorescence is mostly temperature-independent, so the changes observed at pH 7.0 for dansyl attached to BBL are due to perturbations in the local chemical environment induced by changes in protein structure (19). The fluorescence data showed no unfolding below 305 K. Above this temperature, the quantum yield started to decrease monotonically, but it did not reach a defined plateau even at the highest temperature explored (363 K). The far-UV CD spectrum of BBL at pH 7.0 and low temperature indicated a mixture of random coil and ␣-helix structure (Fig.  3A) . The ␣-helix content estimated from the molar ellipticity at 222 nm is ϳ30%, in agreement with the average NMR structure. At high temperatures, the CD spectrum was characteristic of a denatured protein with some residual structure. The transition displayed an isodichroic point at ϳ203 nm but was wavelength-dependent ( Fig. 3B ). Singular-value decomposition (SVD) of the CD spectra at different temperatures rendered two main components (Fig. 3C) . The first one corresponded to a CD spectrum of disordered structure and was mostly invariant with temperature. The second component had the features of an ␣ helix. At pH 7.0, the amplitude of this component (Fig. 3C, inset) showed an unfolding transition with two phases. In the range from 280 to 315 K, a gradual decrease in ␣ helix content was observed. A more pronounced unfolding process started at 315 K and was completed at 355 K. The lowtemperature phase roughly coincided with the changes in FRET. However, the T m for the second phase was ϳ8 K higher than the calorimetric T m , but still lower than the T m monitored by dansyl fluorescence. Comparison between the second SVD component and the basis CD spectra of ␣ helices of varying length indicated that the average ␣-helix length was only about 5 residues (16 ). This result suggests that the ␣-helix signal of BBL decreases because of progressive shortening of the helices and not because of global unfolding.
BBL showed a very high sensitivity to acidic pH. Figures 2 (all panels) and 3A (inset) indicate that at pH 3.0, the protein was totally denatured. The DSC profile lacks any transition, and the heat capacity was substantially larger than at pH 7.0 and high temperature. The CD spectrum corresponds to a disordered structure at all temperatures, and the quantum yield of dansyl fluorescence was mostly invariant. Furthermore, the end-to-end distance determined by FRET was much larger at pH 3.0 than at pH 7.0. A pH titration of the thermal stability of BBL indicated that the midpoint for its pH-induced denaturation is ϳ5.0 (20). This can be explained by the protonation of two histidine residues that are placed at the hinges of the structure and are involved in many hydrophobic interactions (Fig. 1) .
Thus, the equilibrium unfolding of BBL cannot be described as a simple two-state process. Global fits to a three-state model are not able to reproduce the experimental data either. The wavelength dependence and SVD analysis of the CD data indicate that BBL's ␣ helices unraveled gradually. Together with the large spread of T m s observed for different structural probes (from 295 to 335 K), this points to an unfolding process in which protein structure melts gradually. Similar behavior has been reported in the urea-induced unfolding of some molten globule states (21, 22). However, high-resolution 2D NMR shows unambiguously that BBL has a defined 3D structure with specific tertiary contacts ( fig. S1 ) (23). Nonconcerted unfolding starting from defined 3D structures is exactly what we expect for downhill folding (12) .
To study the mechanism of nonconcerted unfolding, we have used a simple statistical mechanical model (24). Such models successfully describe the thermodynamics and kinetics of secondary structure formation and of important aspects of protein folding (25) . For BBL, the model defined 821 species that correspond to all possible single stretches of native structure, from 0 to 40 nativelike residues. The thermodynamic properties of each species were calculated from the structure of the native fragment with a simple procedure 16) . With this scheme, four parameters were sufficient to describe the thermodynamics of the 821 species. This is only one more parameter than in the simplest two-state model. We fitted the model globally to all of the data by using a unique set of thermodynamic parameters and a series of basic rules to calculate spectroscopic properties from protein structure (16) . The model reproduced all of the data very well [Figs. 2 (all panels) and 3D], and with reasonable parameters (16) . Inspection of the changes in the distribution of probabilities for the 821 species as temperature increased revealed the landmark characteristic of downhill folding. At low temperatures, an ensemble of highly structured species dominated. As temperature increased, the ensemble broadened and shifted toward species with decreasing degrees of structure. However, even at high temperatures, a substantial amount of residual structure, localized primarily in the two ␣ helices, was still present (Fig. 4) . Calculation of the free energy as a function of the number of native residues produced barrierless profiles in which the position of the only minimum was correlated with overall stability (Fig. 4,  insets) . This behavior is intrinsic to the data, because the model produced free-energy barriers and definite intermediates when applied to two-and three-state proteins, respectively (26) . Fits to a phenomenological 22-parameter three-state model in which the degree of structure for each state was allowed to vary with temperature reproduced the data well, but the final parameters resulted in a structurally continuous unfolding process.
BBL appears to be an example of downhill folding, confirming one of the most intriguing predictions of the energy landscape theory of protein folding (5). Our results suggest that all of the different stages in the folding reaction of BBL could be visited in equilibrium by simply modulating protein stability. Therefore, the application of highresolution steady-state techniques, such as multidimensional NMR, should produce a description of BBL's unfolding process with high structural detail. Preliminary results from NMR experiments support this idea (27) . The unfolding of a close relative of BBL, the PSBD from the pyruvate dehydrogenase complex of Bacillus stearothermophilus, has been described by Spector et al. as a two-state process with an apparent T m of ϳ328 K (28). This conclusion was based on the spectroscopic investigation of the local environment of one tyrosine residue and single-wavelength far-UV CD experiments, which were analyzed with phenomenological baselines for the folded and unfolded states. However, from the line broadening of specific NMR signals, the same authors obtained a folding relaxation time of only ϳ45 s (29), perhaps suggestive of barrierless folding (30) . This highlights the importance of com- (Fig. 3A) . The inset shows a contour map of the difference matrix between the 32 theoretical CD spectra and the 32 experimental CD spectra. In this map, dark red represents 1500 deg cm 2 dmol Ϫ1 and dark blue represents 500 deg cm 2 dmol
Ϫ1
. Bright green corresponds to a value of 0 on this scale. The spectral region with the largest residuals corresponds to the deeper UV, in agreement with the fact that this is the region with higher experimental error. The experimental error estimated from all of the noise components (3rd to 32nd) obtained in the SVD procedure is Ϯ1300 deg cm 2 dmol Ϫ1 at 190 nm, compared to Ϯ420 deg cm 2 dmol Ϫ1 at 220 nm.
bining techniques that probe different structural features with a detailed analysis of the data to expose the complex equilibrium behavior inherent to downhill folding.
The rich conformational behavior of BBL could be exploited in protein regulation. In classical mechanisms, a two-state conformational change switches protein function on and off (31) or transmits a signal through quaternary interactions (32) . For these phenomena to occur, the protein region involved in the conformational change must be flexible (33, 34) . In contrast to the binary character of switches, downhill-folding proteins can act as conformational rheostats. Downhill folders have global conformational fluctuations that, unlike those of natively unfolded proteins (2) , are organized in hierarchical levels of structure. Therefore, a gradation in signal can be obtained by tuning the distribution of ensemble structures through binding to effectors or by modifying the environment with changes in pH or temperature. Additionally, the absence of barriers to folding could allow BBL to function as a molecular spring of adjustable length and stiffness. On the basis of these ideas, we can make experimentally testable predictions about how lypoic acid-dependent multifunctional enzymes coordinate the three subunits and channel the substrate (15) . E2 subunits are modular, with three structurally independent domains. The PSBD in E2 may display conformational behavior similar to that of the isolated domain (BBL), because it is connected to the NH 2 -and COOH-terminal domains by flexible linkers (15) . The PSBD binds to E1 and E3 subunits and is postulated to be an important piece in the swinging arm mechanism. Synchronization of the three chemical reactions-decarboxylation, transacylation, and dehydrogenation-could be achieved by E1 and E3 subunits binding to different conformational subensembles of the PSBD. This requires that the PSBD conformational ensemble be poised to intermediate degrees of structure. In fact, BBL is partly unstructured at E. coli's optimal growing temperature (310 K), whereas the isolated PSBD domain from B. stearothermophilus pyruvate dehydrogenase is near its unfolding midpoint at the optimal growing temperature of the thermophile B. stearothermophilus (323 to 333 K). Furthermore, the changes in end-to-end distance that occur in BBL in response to perturbations in its stability could dispense the mechanical force required to guide the swinging arm toward the active site of the COOHterminal transacylase domain. high-temperature-induced aggregation at the standard DSC concentrations.) 19. The COOH-terminal dansyl-lysine is placed at the end of the second ␣ helix of BBL. Therefore, in the completely folded structure, the dansyl moiety is in relative proximity to the side chain of Lys 36 ( Fig. 1) . In principle, in this configuration the intrinsic quantum yield of dansyl could be quenched by a proton transfer reaction from the protonated ε-amino group of Lys 36 . Furthermore, the structure of BBL reveals a partially solvent-exposed hydrophobic core formed by inefficient packing between the two helices. A dansyl group hanging from a partially unfolded COOH-terminal tail can experience transient interactions with this core that will increase its quantum yield by effectively decreasing the average polarizability of its environment. These transient interactions between the dansyl group and the protein are sufficient to perturb its fluorescence quantum yield but do not substantially modify the energetics of BBL's unfolding (18 S1A ). The 2D H 1 NMR analysis confirms this conclusion. Doublequantum filtered correlation, total correlation, and nuclear Overhauser effect (NOE) spectroscopy experiments produce 2D spectra with sharp cross peaks and little spectral overlap ( fig. S1 , B through E). All expected H 1 signals have been identified and assigned with the standard sequential procedure. The chemical shifts measured in our BBL construct coincide with those previously reported in a longer variant for which the high-resolution 3D structure has been determined (14) . Differences in chemical shifts Ͼ0.1 ppm are only found for residues with ionizable groups or their sequence neighbors. These are most likely due to small pH discrepancies between the two experiments. Series of sequential NH-NH (i,i ϩ 1) NOEs are clearly observed for residues in the NH 2 -and COOH-terminal regions, indicating that the expected ␣ helices are present ( fig. S1D ). H␦-H␦ longrange NOEs that correspond to specific tertiary contacts in the native structure are also clearly observed ( fig. S1E) . 24. The model applied in this work is very similar to the one described previously by Muñoz & Eaton (32) . The main statistical difference lies in the use of residues, instead of peptide bonds, as conformational units. The partition function has been truncated according to the single sequence approximation, as previously described (33) . Under this approximation, the number of species in the model reduces to the total number of single stretches of native structure plus the random coil. Each species in the model is identified by two parameters: the position in the sequence of the first native residue and the number of residues in the native stretch [such as (1, 40) for the fully native structure]. This approximation is quite accurate for calculating thermodynamic properties.
